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Spindle oscillations occur during the early stage of slow wave sleep and switch the thalamus from its relay function to OFF mode, partially isolating the cortex from sensory inputs and "calming" it. Spindle oscillations consist of 7 -14 Hz waves that last 1 -3 s and recur every 5 -10 s [1] [2] . Decades ago, the mechanisms underlying spindle oscillations were proposed to reside in the thalamus [3] [4] . In the past twenty-some years, spindle oscillations have been shown in neurons in the ventroanterior-ventrolateral and ventroposterolateral nuclei, dorsal lateral geniculate body, the medial geniculate body (MGB), and reticular nucleus of the thalamus (TRN), in vivo and in slice preparations [5] [6] [7] [8] [9] .
Previous intracellular recordings, performed mainly in deafferented brains, have shown that spindle oscillations in thalamocortical neurons are initiated by a series of inhibitory postsynaptic potential (IPSPs) that are associated with excitatory postsynaptic potentials (EPSPs) in the TRN 5, 10 . Moreover, an isolated part of the TRN has been shown to generate spindling rhythmicity 11 . It has previously been thought that TRN cells generate rhythmic (7 -14 Hz) spike-bursts superimposed on a depolarizing envelope, whereas thalamocortical cells fire rebound bursts when the IPSPs imposed by TRN cells are hyperpolarized enough 12 to remove inactivation of the low-threshold Ca 2+ spike (LTS) 13 . The spindle rhythmic oscillation is then forwarded to the cortex via the thalamocortical cells. The above notion is supported by slice experiments showing that GABA receptors participate in spindle genesis 6 . A recent study demonstrated that prolonged hyperpolarizing potentials precede spindle oscillations in the TRN 14 . This supports the idea that spindles are initiated in the TRN, which is thought to be the pacemaker of thalamocortical oscillations 8 .
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We have found that, in the guinea pig, many neurons in the MGB, in which interneurons account for < 1% of the population 15 , have spindle oscillations corresponding to EPSPs rather than IPSPs. This phenomenon cannot be explained by our existing knowledge. This, taken with an earlier finding that spindles are present in mice lacking a T-type calcium channel subunit 16 , prompted us to further investigate the mechanism of the spindle genesis. To do this, we simultaneously recorded from the MGB, TRN, and cortex following application of GABA A and/or GABA B receptor
antagonists to the MGB. We minimized the potential involvement of the cortex in spindle genesis by performing in vivo intracellular and extracellular recordings in the MGB after ablation or deactivation of the auditory cortex (AC). We also explored possible brainstem modulation of the spindle oscillation in the thalamus through electrical stimulation and/or simultaneous recording.
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RESULTS
The results were derived from 42 intracellularly recorded neurons and 75 extracellularly recordings in 70 guinea pigs. 
Absence
Correlation of thalamic EPSP waves with spindles. Twenty-six MGB neurons
showed EPSP membrane oscillations that coexisted with EEG spindles recorded in the cortex. All successfully-labeled MGB neurons (n = 7) after intracellular recordings were thalamocortical neurons. Although the synchronization of the EPSP spindles and the EEG spindles was observed in only one case (1/26), the spindles had a similar occurrence frequency (0.122 ± 0.008 Hz for EPSP and 0.134 ± 0.009 Hz for EEG, P = 0.17; n = 26) and duration (3.36 ± 0.27 s for EPSP and 3.12 ± 0.18 s for EEG, P = 0.23; n = 26). Fig. 1 6
shows an example of simultaneous EEG recordings in the AC and membrane potential recordings in the thalamocortical neurons of the MGB. The membrane oscillation and burst firings of the MGB neuron in Fig. 1a were not synchronized with the EEG spindle waves (it was very rare to record synchronized spindles in the MGB and AC, one example is shown in Supplementary Fig. 2 ). For the MGB neuron shown in Fig. 1a , the frequency of the membrane oscillation within a spindle wave was about 7.35 Hz, the same as the frequency in the EEG spindle (see the spectral analyses shown to the right in the middle row of Fig. 1a ). The mean frequency of the ESPS spindles was 7.96 ± 1.09
Hz, which is similar to that for EEG spindle waves (8.05 ± 0.96 Hz, P =0.38; n = 26; see population data in Fig. 1b) . EEG spindles were synchronized with burst firings detected in the AC through multichannel extracellular recordings ( Supplementary Fig. 3 ). (Fig. 3a) .
However, the occurrence of the spindle oscillations was increased from 0.085 ± 0.011 Hz to 0.115 ± 0.010 Hz (P < 0.001; n = 10) at 10 min after the drug application. Similar to spontaneous spindles, brainstem-triggered oscillations in both the AC and MGB exhibited decreased frequency after application of BIM to the MGB (Fig. 4c ).
The slowing of the oscillation occurred at about 2 min after the injection in the MGB and 4 min after injection in the AC ( Supplementary Fig. 4 ).
After application of CGP35348 to the MGB ( Multiple studies performed within past three decades 5-6,10,17-23 support the notion that TRN cells generate rhythmic (7 -14 Hz) spike-bursts spindle oscillation and that thalamocortical cells respond to TRN spindle with IPSPs leading to activation of LTS spikes 12, 13 . However, this cannot explain the presence of EPSP spindles in MGB neurons or why spindle oscillations are present in the mice lacking a subunit of T-type calcium channels 16 , which are supposedly responsible for LTS spikes in the dorsal thalamus.
In contrast to prolonged spike/spike-train sequences (> 1s) on the EPSP spindles in the present study ( Fig. 1) , a shortfall in the previous recordings was failing to show a full sequence of LTS bursts in spindle frequency at the thalamocortical neurons 1, 6, 24, 25 . With only IPSP oscillation and no spike/spike-train sequence, the thalamocortical neuron was unable to relay the oscillation to the cortex. With slice preparation, a slow oscillation of about 3 Hz was observed in both perigeniculate and dorsal lateral geniculate nuclei after BIM perfusion, and was suggested generated through the activation of large, slow GABA B -receptor-mediated
IPSPs in the thalamocortical cells by perigeniculate neurons 6 . However, with in-vivo preparation, we found that the slowing of spindle oscillation occurred at the MGB before the TRN after BIM injection in the MGB as shown in our multiple electrode recordings in both TRN and MGB in Supplementary Fig. 6 . It is also interesting to note the TRN neurons showed two rhythms in their oscillation at 3 min after BIM injection in MGB, when the MGB has already slowed its oscillation ( Supplementary Fig. 6b ), indicating that the TRN followed MGB in the shift of oscillatory rhythm. The result shown in Fig. 4d that the MGB showed oscillations of two frequencies ( ). This may account for our observation that the spindle oscillations were followed by oscillations with a lower frequency of 4.25 Hz in the MGB (Fig 4D) .
The question arises as to why, over the past 24 years, investigators have not detected spindles in thalamocortical neurons that were initiated by and consisted of
EPSPs. This is probably due the differences in the experimental preparation. Most intracellular recording studies have been carried out with slice preparations or deafferented brain preparations 5, 6, 10, 20, [22] [23] . Deschênes and colleagues reported the presence of EPSP spindles in the ventral lateral nucleus but concluded that they were from thalamic interneurons (5). In cerveau isolé preparations or slice preparations, the projections from the brainstem reticular activation system to the forebrain, which are the major source of neurotransmitters such as acetylcholine, norepinephrine, and serotonin, are disconnected [27] [28] [29] [30] . When a neuron is hyperpolarized to between -65 mV and -72 mV, the excitatory inputs become less effective, and inhibitory inputs decrease the membrane potential even further, causing LTS spikes [31] [32] [33] . In the absence of a major excitatory input from the brainstem activation system (the LDT/PPT), the thalamocortical neurons are likely placed in a hyperpolarized state, and inhibitory inputs from the TRN cause further hyperpolarization, resulting in spindle-like IPSPs with LTS spikes.
Here, analysis of an intact nervous system with simultaneous recording from the LDT/PPT and cortex showed that the spindle wave in the cortex was synchronized with and preceded by the LDT/PPT burst firing for hundreds of milliseconds (Fig. 4) .
Electrical stimulation of the LDT/PPT triggered EEG oscillation and burst firing in the MGB, with both being within the spindle frequency (Fig. 4) . Recent studies by Hughes 14 and colleagues showed that activation of the metabotropic glutamate receptor can cause synchronized oscillations at α and θ frequencies (2 -15 Hz) with high-threshold burst firings 26, 34 . The periodic activity of LDT/PPT neurons would provide periodic release of acetylcholine or glutamate in the thalamus and/or cortex [35] [36] and may trigger the spindle oscillation in the thalamus and cortex. Consistent with this idea, brainstem peribrachial stimulation alters spindle oscillations in the TRN 22 .
Concluding Remarks
The discovery of EPSP spindles in the thalamocortical neurons rejects the notion that spindle waves are generated in the TRN and forwarded to the cortex through LTS bursts, which result from IPSP spindles in the thalamocortical neurons. Our results show that the spindle oscillation is generated between the dorsal thalamus and the TRN.
Indeed, the dorsal thalamus could generate a low-frequency (4.13 Hz) and long-lasting oscillation by itself. The feedback inhibition from the TRN on the thalamocortical neurons through GABA A receptors shortened the duration of the burst and inter-burstinterval, facilitated the inter-burst frequency to 7 -14 Hz in the dorsal thalamus. The feedback inhibition through GABA B receptors suppressed the occurrence frequency of spindle oscillation. Taken together, our results support the idea that the spindle is triggered/managed by the PPT/LDT, generated in the dorsal thalamus, modulated by the TRN, and propagated to the forebrain. 
MATERAILS AND METHODS
Surgical preparation of animals
Intracellular recording
For intracellular recording, cerebrospinal fluid was released at the medulla level through an opening at the back of the neck. The animal was artificially ventilated. Both sides of the animal's chest were opened, and its body was suspended to reduce vibrations to the brain caused by intra-thoracic pressure.
The auditory thalamus was targeted for intracellular recording. We used a glass pipette as the recording electrode, filling it with either 1.0 M KCl or 3.0 M KAc (pH 7.6).
The resistance of the electrode ranged between 40 -90 MΩ. The electrode was advanced vertically from the top of the brain by a stepping motor (Narishige, Tokyo, Japan). After the electrode was lowered to a depth of 4 -5 mm, the cortical exposure was sealed using low-melting temperature paraffin. When the electrode was near or in the target area, it was slowly advanced at 1 or 2 μm per step. A low impedance electrode was placed under the scalp at either the auditory cortex or the frontal lobe to record the EEG.
In ten experiments, an additional metal electrode was implanted in the auditory sector of the TRN. In these experiments, activities of TRN neurons were simultaneously recorded with those of MGB and LDT/PPT neurons, along with EEG activity. In ten experiments, the TRN was lesioned by injection of kainic acid (KA, Tocris, 2.5g/L in 0.9% saline solution, 0.3 μl). Recordings in the MGB and auditory cortex neurons were performed 2 -3 days after lesioning, when maximum loss of cell bodies occurred 38, 39 . The extent of TRN lesions was determined on Nissl-stained coronal sections of 90 μm thickness.
In thirty experiments, the recording electrode array in the MGB was combined with a glass pipette filled with GABA A antagonist (BIM, 15 mM, 0.1 μl), GABA B antagonist (CGP35348, 20 mM, 0.1 μl), or a combination of these compounds. A
Hamilton syringe connected to a 40 µm-diameter glass pipette was used for microinjection.
In five experiments, the auditory cortex was reversibally inactivated by injection of lidocaine (20 mg/ml, 1 μl). The implanted electrode arrays were used to simultaneously record neural activities in the different areas.
Anatomical confirmation
The glass pipette used for intracellular recording was filled with neurobiotin (Neurobiotin TM , Vector, 1 -2% in 1.0 M KCl and 3.0 M KAc), and the tracer was injected into 1 or 2 neurons of each subject after physiological recordings of the eight subjects were complete. Neurobiotin was delivered into the neuron by applying rectangular depolarizing current pulses (150 ms, 3.3 Hz, 2 nA) for 1 -4 min.
To confirm that the recording/stimulation electrodes were located in the PPT/LDT, we applied electrical current through the recording/stimulation electrode to make a lesion in the brainstem. Analysis of Nissl-stained tissue revealed that, in seven subjects, the recording/stimulation electrodes were properly positioned in the PPT/LDT. Chemical lesion of the TRN was confirmed with Nissl staining. Histological processing was performed as previously described 40, 41 .
Data acquisition and analysis
In intracellular recording, the electrode detected the negative membrane potential [multichannel recordings from the MGB, motor cortex, and AC before and after (3 min) AC inactivation are shown in Supplementary Fig. 4 ]. Supplementary Fig. 2 The EPSP oscillations of the thalamocortical neuron in Fig. 2 .
This neuron had a frequency of 9.0 Hz and roughly co-occurred with EEG spindle waves in the cortex. Spikes or spike bursts were accompanied by EPSPs. The co-occurrence of the EPSP oscillation with the EEG spindles was easier to detect after the EPSP oscillation was filtered (7 -14 Hz, second trace). 
